Restricted maximum likelihood estimates of covariance components and the resulting genetic parameters were obtained for birth, weaning, yearling and final weights and postweaning gain of Australian Charolais cattle fitting an animal model including genetic or permanent environmental maternal effects. No 'carry-over' of maternal effects till weaning on postweaning weights w& found. Direct heritability estimates were 34, 41 and 22% for yearling weight, final weight and postweaning gain respectively. Maternal genetic effects were not important for birth weight and were small for weaning weight. Permanent environmental maternal effects affected birth weight to a moderate extent, but were the main factor determining weaning weight, explaining 4% and 21% of the respective phenotypic variance while direct heritabilities were 21% (birth) and 12% (weaning). Direct genetic correlations between birth and the other weights were medium, ranging from 0.44 to 0.67, while estimates between weaning, yearling and final weight were close to unity.
Introduction
Growth of beef calves is determined not only by the animals' genetic potential for growth, but also by their dams, maternal capacity. Genetic evaluation and selection schemes aimed at improving growth rate thus should take both into account to optimize genetic progress. This requires knowledge of the genetic and phenotypic parameters appropriate to the breed and production conditions. There is evidence for breed differences in the importance of both genetic and permanent environmental maternal effects. For instance, about 20% or more of the phenotypic variation in weaning weight for Herefords has generally been attributed to dams' environmental effects, while corresponding estimates for other breeds were consistently lower (see Meyer et al. 1993 and references therein) .
Few studies have investigated the mode of action of maternal effects in European continental beef breeds. This paper presents Restricted Maximum Likelihood (REML) estimates of direct and maternal, genetic and phenotypic parameters among weights of Australian Charolais cattle, as a representative of this breed type, obtained using field data.
Materials and Methods

Data
Weight records and pedigree information were obtained from the National Beef Recording Scheme (NBRS) data base for all Charolais herds participating in the NBRS performance recording. Basic edits included consistency or range checks of breed codes, weights, dates and ages, and matching of weight and pedigree records, eliminating all records for animals with missing birth date or dates at weighing. Animals which originated from embryo transfer or were crossfostered were excluded if the foster dam did not have at least 75% Charolais genes. For a proportion of animals, the dam's birth date was unknown and dam age could not be calculated. In these cases, dam age was assumed to be the average value for the trait.
Traits considered were birth weight (BW), weaning or 200-day weight (WW), yearling or 400-day weight (YW), final or 600-day weight (FW) and postweaning gain, calculated as difference between FW and WW. Ranges allowed for age at weighing were 120 to 300 days, 301 to 500 days and 501 to 701 days for WW, YW and F W respectively. If an animal had more than one weight recorded in the permissible range for a given weight, the record closest to the target age (200, 400 or 600 days) was chosen and the remaining record(s) disregarded. Table 1 summarizes numbers of records, means and standard deviations for each trait together with other characteristics of the data structure. * Herd-year-bimonthly subclasses.
Herd-management group subclasses.
Analyses
Estimates of covariance components were obtained by Restricted Maximum Likelihood (REML) using a derivative-free algorithm, fitting an animal model throughout and incorporating all pedigree information available. There was considerable amount of pedigree information on animals without records resulting in a number of animals in the analysis two-to three-fold that of animals with records (see Table 1 ). Maternal genetic or permanent environmental effects were taken into account by including appropriate random effects in the model of analysis (Meyer 1989 (Meyer , 1991a (Meyer , 1991b . Fixed effects taken into account throughout were sex (at weighing), birth type (single u. twin), herd-management groups (if recorded) and herd-year bi-monthly time of weighing (HYT) subclasses. Differences in age at weighing (not for BW) and dam age were taken into account by fitting these each as linear and quadratic covariables.
For PWG, both age at weaning and a t final weighing were fitted to account for differences in length of the postweaning period.
Including or excluding one or both of the maternal effects and allowing for or disregarding a direct-maternal genetic covariance yielded six potential models. Model 1 was a simple animal model, ignoring all maternal effects, while Model 2 allowed for dams' permanent environmental effects in addition. Model 3 included a maternal genetic effect in addition to animals' direct genetic effects assuming these were uncorrelated. Models 5 fitted both dams' genetic and permanent environmental effects. Model 6, finally, was as Model 5 but allowed for a direct-maternal genetic covariance. These models were the same as considered by Meyer (1992a Meyer ( , 1993a , and for comparability, the model numbers of the earlier studies have been maintained (hence no Model 4). A more formal description of the models can be found in the papers cited.
Univariate analyses under several models were performed for each trait to establish which model fitted best. Maternal effects were considered unimportant if fitting them did not increase the likelihood significantly at a 5% error probability. Models were fitted sequentially and models involving both genetic and permanent environmental maternal effects were disregarded for traits for which no maternal influence was found under Models 2 or 3. Multivariate analyses were then carried out considering two traits at a time (weights only), fitting the previously determined best model for each trait. Analyses were restricted to two traits primarily due to computational requirements; see Meyer (1993a) for a description of strategies pursued and a discussion of computational problems associated with these types of analyses.
--
For univariate analyses, all records available for each trait were utilized. For BW, this resulted in a data set with numerous very small herds and a large number of HYT subclasses.
As some of these contributed little information but increased computational demands, all herds with records for BW only and an average subclass size of less than 2 or less than 20 records in total were excluded for bivariate analyses, reducing the number of BW records to 4576 and the number of HYT subclasses to 668 in 43 herds.
Estimates of the complete covariance matrices and corresponding matrices of genetic parameters among the four weights were derived using estimates of correlations from the bivariate analyses and average values (over all analyses involving a particular trait) of phenotypic variances (&), direct (h2) and maternal (m2) heritabilities and permanent environmental effects ( c 2 ) . The combined matrices were checked for positive semi-definiteness by determining their latent roots and vectors. If applicable, they were forced to be within the bounds of the parameter space by regressing all eigenvalues towards their mean so that the smallest eigenvalue became zero, and then pre-and postmultiplying the diagonal matrix of modified eigenvalues with the inverse of the matrix of pertaining eigenvectors. This procedure, termed 'bending', was designed to reduce the effects of sampling variation by limiting the spread of eigenvalues (Hayes and Hill 1981) .
Results and Discussion
Univariate Analyses
Estimates from univariate analyses together with the pertaining log likelihood values are given in Table 2 . BW was affected by maternal effects to a lesser extent than in other breeds and than previously found for the same breed (see Meyer (1992a) for a recent literature summary) . Trus and Wilton (1988) reported estimates for BW in Charolais of 0.42 and 0.17 for h2 and m2 respectively, with a direct-maternal genetic correlation of -0.39. As likelihood values indicate, maternal effects on BW in this data set were almost entirely non-genetic, i.e. model 2 was fitted for this trait in subsequent bivariate analyses.
For WW, both genetic and permanent environmental maternal effects were significant, explaining 4% and 23% of the phenotypic variance respectively. In comparison, Boldman et al. (1991) found direct genetic, maternal genetic and maternal environmental effects on WW in Charolais to be about equally important, estimates of h2, m2 and c2 being 18, 18 and 19%. Similarly large estimates for c2 have been found for Herefords in several studies (Koch 1989, pers. comm.; Meyer 1992a Meyer , 1993b Meyer et al. 1993; Waldron et al. 1993 ) and have often been attributed to poor milk yield limiting calves' growth. A high correlation between cows' milk production and growth of their calves has, for instance, been reported by Gregory et al. (1992) who found significant differences in milk yield between parental breeds, and a correlation between 12 h milk yield and 200 day weight of progeny of 0.91.
Allowing for a direct-maternal genetic correlation (model 6) yielded a large (absolute value) negative estimate for this parameter for WW while increasing estimates of both h2 and m2 dramatically and augmenting the likelihood significantly. The same pattern was observed repeatedly in previous analyses of this kind (e.g. Meyer 1992a kind (e.g. Meyer , 1993a and has generally been regarded with caution, as sampling (co)variances under this model of analysis have been shown to be large (Meyer 1992b) , and potential bias due to a negative environmental dam-offspring covariance could not be ruled out. Hence, model 5 was considered the best model for WW.
As likelihood values clearly demonstrate, maternal effects were unimportant for YW, F W and PWG, i.e. in contrast to other breeds there was no carry-over effect of maternal effects on WW to later weights as might have been expected for YW at least due to a part-whole relationship. With values of 32% (YW) and 45% (FW), estimates of the direct heritability were markedly higher than obtained for other temperate Australian breeds (Bos taurus) using field data (Meyer 19933; Swalve 1993) , and comparable to values found for Bos indicus cattle (Davis 1993 ). An estimate of 22% for h2 for PWG was similar to the value of 26% reported by Garrick et al. (1989) for American Simmentals.
Multivariate Analyses
Estimates of variance components from all analyses involving a particular trait are summarized in Table 3 . Covariance component estimates and the resulting correlations from bivariate analyses, together with numbers of animals with either or both traits recorded for each pair of traits, are given in Table 4 . Generally, estimates for a trait from the different bivariate and univariate analyses agreed well, though some fluctuations in the partitioning of the total variance were evident, especially for WW, i.e. the trait for which the most complicated model was fitted. Assuming so-me culling on the basis of WW had taken place, higher estimates of variance components for YW and F W from joint analyses together with WW were expected. While such a pattern was clearly observed for corresponding analyses involving data from a selection experiment in beef cattle (Meyer et al. 1993) , only small differences were found in this study. Hence, estimates were averaged over all analyses involving a particular trait in deriving combined covariance matrices. r~, d i r e c t additive genetic correlation; r,, permanent environmental correlation; T E , residual correlation; r p , phenotypic correlation.
In the analysis, i.e. including parents without records.
As found in other breeds (e.g. Meyer, 1993a Meyer, , 1993b Swalve 1993) , estimates of the direct genetic correlations (rA) among W, YW and FW were essentially unity. Estimates of r~ between BW and the other weights ranged from 0.44 to 0.67 which again was comparable to literature values. Koots et al. (1991) , for instance, gave literature averages for r A of 0.46 between BW and W and 0.48 between BW and YW. Estimates of environmental and phenotypic correlations showed a corresponding pattern, being low for BW and the other traits and moderate for correlations among W , YW and FW with values declining with increasing time between weighing. On the whole, levels of these correlations were somewhat lower than for previous analyses of Australian data (Meyer 1993a (Meyer , 1993b Meyer et al. 1993; Swalve 1993) , especially for BW. This, together with the comparatively high direct heritabilities found for YW and FW, implies that the later weight records in Charolais provide more additional information on animals' genetic merit for growth in a genetic evaluation scheme than in other temperate Australian breeds.
Combined matrices of genetic parameters and phenotypic variances are given in Table 5 . In deriving these, bending was only required for the matrix of direct genetic parameters, and reduced correlations slightly. If required, covariance matrices for use in a genetic evaluation scheme such as BREED PLAN (Schneeberger et al. 1991) can be readily obtained from the parameters given,
Conclusions
Results indicate maternal environmental effects to be the main determinant of WW in Charolais and of similar magnitude to those found in Herefords in other studies. In contrast, however, there appeared to be no carry-over of maternal effects on YW or FW, suggesting strong compensatory growth after weaning.
Similarly, BW appeared to be little influenced by maternal effects, presumably because dams' uterine capacity was large enough not to limit calves' pre-natal growth. As in other breeds, direct genetic correlations between weaning and later weights were close to unity, identifying WW as a suitable criterion in selecting for growth. As maternal genetic effects were considerably less important than in other temperate breeds, selection for improved growth rate in Charolais can place more emphasis on the direct genetic components of growth than in other breeds where both direct and maternal genetic effects need to be taken into account to optimize selection response.
